The purpose of the study was to examine the associations between dietary behaviors and glucose metabolism in highrisk young adults to increase the precision of nutrition education to prevent early onset type 2 diabetes (T2D).
Results
The final sample included 103 participants. There were similar patterns of diet (caloric intake and dietary quality) between African Americans and non-African Americans, whereas African Americans showed hyperinsulinemia compared with non-African Americans. When young adults consumed a good quality diet (appropriate carbohydrate intakes; high fiber, low saturated fat but protein rich diet), their insulin resistance was decreased. There was a marginal interaction effect between insulin sensitivity and beta cell function by race. Systolic BP was higher in African Americans, and total cholesterol, triglycerides, and low-density lipoprotein cholesterol were higher in non-African Americans.
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Dietary Behaviors and Glucose Metabolism in Young Adults at Risk for Type 2 Diabetes
Conclusion
Findings are useful to develop age-specific nutrition guidelines to prevent early onset T2D in high-risk young adults.
T ype 2 diabetes (T2D) is a disorder of altered glucose metabolism progressing from normoglycemia to prediabetes and to diabetes. 1 Decreased insulin sensitivity and impaired insulin secretion are key factors mediating the transition. 1, 2 Aging and genetic proclivity are significant contributing factors to altered glucose metabolism. [3] [4] [5] Also, an obesity-related lifestyle, including dietary behaviors, sleep, and physical activity, influences insulin sensitivity and insulin secretion. [6] [7] [8] Insulin sensitivity refers to the body's insulin-mediated glucose utilization in peripheral tissues. 9, 10 Under a close interaction between insulin sensitivity and insulin secretory capacity, the glucose concentration is tightly balanced in healthy persons; decreased insulin sensitivity reduces glucose disposal in peripheral tissues, resulting in hyperinsulinemia to maintain normoglycemia, which is often called insulin resistance. 11, 12 When the insulin secretory capacity does not appropriately respond to the body's insulin needs or existing insulin does not work appropriately, prediabetes and subsequently T2D occur. 11, 12 Previous reports show that African American adults have lower insulin sensitivity and thereby higher insulin concentration compared with Caucasians. 10, 13, 14 A recent metaanalysis identified racial/ethnic differences in insulin secretion and insulin sensitivity in healthy Caucasians, African Americans, and East Asians. 2 In the description of the hyperbolic relationship between insulin sensitivity and insulin response, Caucasians were in the middle between African Americans, who were found to have low insulin sensitivity and high insulin secretion, and East Asians, who had high insulin sensitivity and low insulin secretion. These variations were present in individuals with normoglycemia and continued in persons with prediabetes and T2D. 2 Young adults are reported to frequently skip meals and binge eat compared with older cohorts. 15 This behavior makes young adults vulnerable to glucose spikes and hyperinsulinemia. Overweight and obese young adults with unhealthy dietary habits, in particular, have a greater risk for developing weight gain and early onset T2D compared with individuals with good nutritional intake. 15, 16 Unhealthy food consumption (eg, added sugar and processed foods) produces insulin spikes in response to rapid influx of sugar. [17] [18] [19] Adipokines (bioactive products secreted by adipose tissues) change the body's metabolism, leading to insulin resistance. 20 Increased fat mass increases circulating triglyceride and free fatty acid levels, which reduce insulin sensitivity. 13 Recent research shows that sustained hyperinsulinemia increases the risk for beta cell exhaustion and cardiometabolic diseases that may in part explain health disparities in T2D patients. 4, 13, 21 The purpose of this study was to examine the associations between dietary behaviors and glucose metabolism in overweight and obese young adults to increase the precision of nutrition education to prevent early onset T2D. Specifically, the potential effect of dietary behaviors, including calorie intake and dietary quality, on (1) glucose metabolism, insulin sensitivity, and insulin secretion (beta cell function) and (2) the development of prediabetes in overweight and obese young adults was explored. The contributions of metabolic risk factors including hypertension, dyslipidemia, and inflammatory factors (C-reactive protein) to increase diabetes risk were also analyzed as a part of specific aim 2. Differences in race/ethnicity and gender were examined in each model to explore populationspecific priorities for a diabetes prevention program in overweight and obese young adults.
Methods

Study Design
A descriptive cross-sectional study design was used.
Procedure and Participants
Prior to the study, institutional review board approval from the appropriate institutions and informed consent from the eligible participants were obtained. Communitydwelling young adults ages 18-29 years and students attending colleges in the Atlanta metropolitan area were recruited using diverse methods, including recruitment flyers on community bulletin boards, e-mail invitations using a university's student mailing list obtained with permission from the university, and peer referral and selfreferral for screening of prediabetes and T2D. Inclusion criteria included being overweight or obese (body mass index [BMI] ≥ 25) and having a sedentary lifestyle, with self-reported average physical activity < 90 min/wk during the past 3 months. Individuals diagnosed with diabetes, cardiovascular diseases, serious illness and unstable conditions requiring physician-supervised dietary and exercise regimens, conditions affecting erythrocyte turnover (eg, hemolysis, blood loss), or pregnancy were excluded. After a phone screening, eligible young adults were invited to a diabetes screening test in a clinical research unit (CRN) affiliated with the Atlanta Clinical and Translational Science Institute.
Variables and Measures
Self-administered survey questionnaires, anthropometric assessment, BP, and laboratory data were collected.
Sociodemographics
A self-reported questionnaire was used to obtain information regarding race/ethnicity, years of school, age, gender, smoking habits, and average hours of sleep per night during the past month.
Dietary behavior
When visiting the CRN, participants completed the Youth/Adolescent Food Frequency Questionnaire. Based on their responses, 22 nutrient components along with calorie intake, type of calories, and serving sizes were calculated. Then, the dietary quality was quantified as a score of the modified Dietary Quality Index Revised for Young Adults, a valid measure of dietary quality. [23] [24] [25] The range was 0 (poorest diet quality) to 95 (best diet quality). Detailed information about how to calculate this score, based on the 2010 Dietary Guidelines for Americans, was previously described. 19, 23 Anthropometric assessment
The research team and nurses in the CRN were trained on anthropometric measures and data collection. Height was measured using a wall-mounted stadiometer, and weight was measured using a calibrated scale while participants wore light clothing and stood erect with bare feet. Then, BMI (kg/m 2 ) was calculated using weight (kg) and height (cm). Waist circumference was measured twice at the level of umbilicus with a Gulick II measuring tape while participants stood upright; the two values should be within 1 in of each other. Participants were asked to stand with their feet together, place their arms at their side with the palms of their hands facing inward, and breathe out gently during the assessment. For the study, we used an average of two waist circumference readings.
Blood pressure
Resting BP was assessed following the American Heart Association guidelines. 26 Participants were seated in a chair with feet on the floor after at least a 5-minute rest and 30-minute abstention from smoking and caffeine. The arm was supported and free of tight, constricting clothing, and the cuff was level with the heart. When the arm circumference exceeded 33 cm, a large cuff was used. 26 If a participant showed an elevated BP (either systolic BP ≥ 120 mm Hg or diastolic BP ≥ 80 mm Hg), BP was measured in the other arm. Then, an average of the two readings was calculated.
Laboratory data
Participants were asked to fast at least 8 hours before the CRN visit. Fasting insulin and glucose, A1C, lipids (total cholesterol, triglycerides, high-density lipoprotein cholesterol, and low-density lipoprotein cholesterol), fasting nonesterified fatty acids, and C-reactive protein were collected, kept on ice, and plasma separated within 1 hour of collection.
Insulin resistance was calculated by the Homeostasis Model Assessment (HOMA-IR) method and adipose tissue insulin resistance. [27] [28] [29] The HOMA-IR was calculated with the following formula: fasting insulin (µU/mL) × fasting glucose (mg/dL) / 405. 29 The adipose tissue insulin resistance was assessed with the following formula: fasting nonesterified fatty acids × fasting insulin. 28 
Insulin sensitivity and beta cell function
The Web-based HOMA2 calculator was used to calculate beta cell function and insulin sensitivity (%S) by the HOMA-B formula (https://www.dtu.ox.ac.uk/homacalcu lator/). [30] [31] [32] HOMA2 is a mathematical feedback model allowing researchers to estimate beta cell function, insulin sensitivity, and insulin resistance without actual insulin assays such as the hyperinsulinemic clamp, the hyperglycemic clamp, the intravenous glucose tolerance test, and the oral glucose tolerance test. It was developed in 1976, and diabetes experts acknowledge the usage of the model. [30] [31] [32] Normoglycemia was defined by a fasting glucose < 100 mg/dL (5.6 mmol/L) and A1C < 5.7%. Prediabetes was defined by a fasting glucose between 100 and 125 mg/dL (5.6 and 6.9 mmol/L) or A1C between 5.7% and 6.4%. Type 2 diabetes was defined as a fasting glucose greater than 126 mg/dL (7.0 mmol/L) and A1C > 6.5%.
Data Analysis
Descriptive statistics such as mean, standard deviation, frequencies, and percentages were computed in sociodemographic variables, obesity and dietary behaviors, glucose metabolism, and metabolic risk factors for the overall sample and subgroups. Comparisons on the study variables between ethnic groups, normoglycemia, and prediabetes groups were performed.
To identify the effect of dietary factors on glucose metabolism (specific aim 1), linear regression analyses were used; our main outcomes of interest were insulin sensitivity and beta cell function. For any non-normal outcomes, appropriate transformations were used to satisfy the normal distributional assumption. All dietary factors related to diabetes proved by previous literature (ie, carbohydrate, protein, fat, saturated fat, unsaturated fat, vitamin D, calcium, added sugar, sodium, fiber) were included as predictors of outcomes of interest in the full model, and age and BMI were adjusted. To test for racial differences, we included race and its interactions with dietary factors in the model.
To answer specific aim 2, a logistic regression was fit to identify the predictors of prediabetes. The most parsimonious model was chosen based on stepwise selection and using relative measures such as the Akaike information criterion or Bayesian information criterion. 33 A P value of .20 was used as a threshold probability for including or discarding predictors in the stepwise selection method. We used confidence intervals as well as odds ratios to demonstrate the strength of relationships between the outcomes and the independent variables because the study included many independent variables (dietary factors, demographics) and a relatively smaller sample size; hypothesis testing was not always meaningful due to insufficient statistical power. Unless noted otherwise, the significance level was set at .05 for this study. Statistical analysis was performed using SAS (version 9.2; SAS Institute, Cary, NC) and SPSS 23.0.
Results
Sociodemographics
A total of 106 young adults participated in the diabetes screening; 3 participants, however, were excluded because 1 participant had asymptomatic T2D and 2 participants had incomplete data. Therefore, the final data analysis was done with 103 participants only.
The mean (SD) age was 24.0 (3.2) years, and mean (SD) BMI was 36.6 (8) . The majority of study participants were female (78.6%), African American (67.0%), severely obese (BMI > 35 kg/m 2 ) (44.7%), and physically inactive (< 10 metabolic equivalent h/wk) (65.0%). About 82% were college or graduate students (17.3% were below high school graduates) ( Table 1) .
Group Differences on Study Variables
Overall, dietary quality was fair (mean score = 62.49 out of 95), whereas calorie intake met the 2010 Dietary Guidelines for Americans (mean [SD] = 1755.5 [588] kcal/d; median = 1671.6 kcal/d). There were no significant differences in the calorie intake by ethnic groups. Non-African Americans consumed more caffeine than African Americans, but other nutrients showed no group differences. African Americans consumed lower dietary fiber, magnesium, vitamin D, and calcium and higher added sugar, which showed similar patterns between normoglycemia and prediabetes groups ( Table 2) . In this study, calorie intake was positively correlated with dietary quality regardless of racial groups (r = .53, P < .001 and r = .51, P < .001, respectively).
Fasting glucose was marginally lower (P = .069) in African Americans, whereas they showed higher fasting insulin and beta cell function (P = .081) compared with non-African Americans. The insulin resistance measures (HOMA-IR and adipose IR) were similar in African American and non-African American groups. Regarding comparisons between prediabetes and normoglycemic groups, fasting insulin and glucose were higher in prediabetes groups. The degree of beta cell function, however, was almost the same (P = .711). In reference to insulin resistance, the glucose-to-insulin ratio was significantly lower in the prediabetes group compared with the normoglycemic group.
African Americans had significantly higher systolic BP (P = .032) and lower total cholesterol (P = .004) and triglyceride levels (P < .001) compared with non-African Americans. However, these differences were not found when we compared the values between the normoglycemia and prediabetes groups. Rather, the prediabetes group showed marginally higher triglycerides than the normoglycemia group (P = .096).
Dietary Effect on Insulin Sensitivity in Overweight and Obese Young Adults
Overweight and obesity measured by BMI was a major contributor of lower insulin sensitivity. The factor increasing insulin sensitivity was lower calorie intake, including appropriate carbohydrate and protein consumption, which explains 21.6% of the final model. In the model, race/ethnicity was not a statistically significant predictor of insulin sensitivity (Table 3) .
Predictors of Beta Cell Function in Overweight or Obese Young Adults
African Americans showed higher beta cell function compared with non-African Americans (Table 4) , consistent with previous research. 34 Higher beta cell function was also observed in young adults with higher BMI. When insulin sensitivity was higher, the excessive beta cell function was prevented. Beta cell function was decreased in persons with greater calorie intake, which may imply a threshold for beta cell function.
In overweight and obese young adults, higher calorie intake was associated with a better quality diet (r = .54, P < .001). There was a marginal interaction effect between insulin sensitivity and beta cell function by race (P = .064); the rate of an inverse relationship between insulin sensitivity and insulin secretion (herein presented by beta cell function) was higher in the non-African American compared with the African American group. The total variance in beta cell function explained by the model was 35.9% (Table 4) .
Predictors of Prediabetes
Development of prediabetes was significantly associated with lower beta cell function and lower insulin sensitivity, although odd ratios were very small (Table 5) . Metabolic risk factors such as elevated BP or dyslipidemia, which are often considered coexisting conditions and risk factors for developing T2D, did not predict prediabetes in overweight and obese young adults. Also, calorie intake and dietary quality were not directly related to prediabetes in this population.
Discussion
There is awareness of the potential harms of hyperinsulinemia and insulin resistance 3, 9, 35 ; however, a paucity of research exists regarding how hyperinsulinemia contributes to diabetes progression and how to effectively prevent the hyperinsulinemic state in at-risk young adults. 8 Findings in this study reveal the associations of higher fasting insulin and insulin resistance in those with prediabetes, but causation cannot be determined. The study adds scientific evidence for how dietary behavior affects glucose metabolism and how age-specific nutrition education, especially targeting overweight and obese young adults for prevention of early onset T2D, needs to be tailored. The Treatment Options for Type 2 Diabetes in Adolescents and Youth (TODAY) study showed that maximum preservation of beta cell function before significant loss is essential to delay T2D progression and attain glycemic goals, preventing diabetes complications. 36, 37 Also, recent research found that insulin resistance and the resulting prolonged increased secretion of insulin can lead to early beta cell exhaustion later in life. 2, 10, 21 In our crosssectional study, dietary behaviors (calorie intake and dietary quality) were influencing factors for progression to prediabetes, although they could not be deemed causative or predictive. Inverse relationships were noted between calorie intake and insulin sensitivity and beta cell function and insulin sensitivity, respectively.
The higher beta cell function observed by study participants with the elevated BMI and who were African Americans indicates a compensatory response for heightened insulin resistance that may eventually lead to beta cell exhaustion, the development of prediabetes, and eventually, T2D. The positive relationship between calorie intake and diet quality supports the importance of educating at-risk young adults that calorie reduction is insufficient to prevent T2D; rather, they should ensure adequate caloric intake that includes a balanced diet from good nutritional sources. Future research questions need to address how to (1) improve young adults' health literacy to have adequate calorie intake (ie, serving size calculation) 38 ; (2) encourage them to have a balanced and optimal quality diet despite widespread dietary myths (eg, lowcarb, high-fat diet benefits preventing weight gain and diabetes); and (3) prevent their binge-eating habits. 15, 19, 39 Age-specific social marketing strategies should be considered to enhance behavioral change.
Our findings are particularly important for overweight and obese young women within our study age range who are in need of preconceptual lifestyle modification counseling, but limited research is available. 40, 41 During pregnancy, all women experience alternations in glucose and lipid metabolisms as part of a normal pregnancy. [42] [43] [44] Recent research shows that overweight and obese pregnant women may experience different trajectories in these alternations 45 ; pregestational obesity, dyslipidemia, and metabolic syndrome increase the risk for pregnancy complications and adverse outcomes such as pregnancyinduced hypertension, preeclampsia, gestational diabetes, later life cardiovascular diseases, preterm birth, and large-for-gestational-age neonates. [44] [45] [46] Questions remain whether (1) mild metabolic abnormal conditions (eg, prehypertension, hyperinsulinemia, or prediabetes) but no diagnosis (eg, hypertension, diabetes) in the pregestational phase increase the risk for developing adverse pregnancy outcomes; (2) maternal hyperinsulinemia in the preconceptual phase increases the risk for gestational diabetes 47 ; and (3) preconceptual nutrition modification (ie, a good quality diet with adequate calories) can prevent adverse pregnancy outcomes. 48 Further research should be conducted in these areas.
The findings of the current study revisited the need to differentiate nutrition counseling between early stage (prevention) and late stage (diabetes management), which many lay persons are confused about. As our findings show, total consumption of carbohydrate (% of total calories) does not directly affect serum glucose level in young adults with normoglycemia or prediabetes since the glucose regulation feedback loop is working well. Rather, the strict reduction of carbohydrate intake often significantly increases saturated fat and decreases dietary fiber consumption, which increases the risk for insulin resistance and impairment in insulin sensitivity. 49 For individuals with T2D, meticulous monitoring of carbohydrate, a direct factor to increase the serum glucose level, necessitates the reduction of glucose variation and the achievement of optimal glycemic control. 50 Modified nutrition education accompanied by disease progression is essential in diabetes care.
We acknowledge the study limitation of using a crosssectional study design and an indirect Web-based calculator to estimate beta cell function and insulin sensitivity, despite the validity of this measure. [30] [31] [32] We also acknowledge limited accuracy in evaluating dietary impact based on self-reported dietary and physical activity behaviors. Finally, the values of HOMA-IR were almost identical in African American and non-African American groups in spite of African Americans having higher fasting insulin and lower fasting glucose. These results raise questions on the clinical application of HOMA-IR in assessing insulin resistance. Although it has been shown that hyperinsulinemia is independent of insulin resistance, HOMA-IR may be a useful tool when measured longitudinally rather than cross-sectionally. A future prospective, longitudinal population-based study with an objective dietary measure using advanced technology (eg, mobile apps for recording real-time dietary intake and analyses) is warranted.
